Giardia lamblia differentiates into resistant walled cysts for survival outside the host and transmission. During encystation, synthesis of cyst wall proteins (CWPs) is coordinately induced. E2F family of transcription factors in higher eukaryotes is involved in cell cycle progression and cell differentiation. We asked whether Giardia has E2F-like genes and whether they influence gene expression during Giardia encystation. Blast searches of the Giardia genome database identified one gene (e2f1) encoding a putative E2F protein with two putative DNA-binding domains. We found that the e2f1 gene expression levels increased significantly during encystation. Epitope-tagged E2F1 was found to localize to nuclei. Recombinant E2F1 specifically bound to the thymidine kinase and cwp1, 2, and 3 gene promoters. E2F1 contains several key residues for DNA binding, and mutation analysis revealed that its binding sequence is similar to those of the known E2F family proteins. The E2F1 binding sequences were positive cis-acting elements of the thymidine kinase and cwp1 promoters. We also found that E2F1 transactivated the thymidine kinase and cwp1 promoters through its binding sequences in vivo. Interestingly, E2F1 overexpression resulted in a significant increase of the levels of CWP1 protein, cwp1, 2, and 3 gene mRNA, and cyst formation. We also found E2F1 can interact with Myb2, a transcription factor that coordinate upregulates the cwp1, 2, and 3 genes during encystation. Our results suggest that E2F family has been conserved during evolution and that E2F1 is an important transcription factor in regulation of the Giardia cwp genes, which are key to Giardia differentiation into cysts.
Introduction
Giardia lamblia is an intestinal pathogen that causes waterborne diarrheal disease worldwide (1) (2) (3) . Its infection contributes greatly to malnutrition and malabsorption leading to delayed child development (4) . Parasitic trophozoites attach to the small intestine mucosa and differentiate into infective cysts when carried downstream to lower intestine (5, 6) . Transmission of giardiasis occurs through ingestion of infective cysts from contaminated water or food (2) . G. lamblia is a valuable model for basic studies as its life cycle can be reproduced in vitro by mimicking the intestinal environment (5, 6) .
In addition to its important role as a pathogen, G. lamblia also raises great biological interest for understanding the progress of eukaryotic evolution. G. lamblia lives independently as a single-celled eukaryote and it is classified as a protist. Phylogenetic trees obtained from the small subunit ribosomal RNA and translation elongation factors revealed G. lamblia as an early diverging eukaryote (7) (8) (9) , but some phylogenetic trees support G. lamblia as a position that diverged nearly simultaneously with the opisthokonts and plants (10) . G. lamblia has many special features that are biologically different from those of higher eukaryotes (2, 11) . It lacks clear homologs to many cellular components of DNA synthesis, transcription, and RNA processing, supporting the idea that the missing components are too different to be recognized or they are nonessential (11) . Many aspects of giardial transcription are unusual. Known giardial transcription factors have diverged at a higher rate than those of crown group eukaryotes (12) . Only four of the twelve general transcription initiation factors have giardial homologs (11, 12) . Giardial TATA-binding protein is highly divergent with respect to archaeal and higher eukaryotic TATA-binding proteins (12) . Giardial RNA polymerase II has no regular heptad repeats in the carboxyl-terminal domain and transcription by RNA polymerase II is highly resistant to α-amanitin (12, 13) . The giardial promoter regulatory mechanism may be unusual because very short 5'-flanking region (<65 bp) with no consensus TATA boxes or typical cis-acting elements are sufficient for expression of many genes (14) (15) (16) (17) (18) (19) (20) . Interestingly, AT-rich sequences have been found around the transcription start sites of many genes (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . They are essential for promoter activity and play a predominant role in determining the positions of the transcription start sites, functionally similar to the initiator (Inr) elements in higher eukaryotes (18) (19) (20) 24) .
G. lamblia cysts can survive in hostile environments such as fresh water and gastric acid during infection as they have a protective wall composed of proteins and polysaccharides (5, 6) . Three known cyst wall proteins (CWPs) are highly synthesized in a concerted manner during differentiation into cysts (encystation) (15, 16, 23) . However, little is known of the detailed mechanisms governing their synthesis. During encystation, three cwp genes are coordinately induced (15, 16, 23) , suggesting the importance of gene regulation at transcriptional and/or post-transcriptional level.
Few transcription factors regulating cwp gene expression have been identified (21, 24, 25) . A Myb family transcription factor (Myb2) is encystation-induced and is involved in coordinate upregulation of cwp1-3 genes and its own gene by binding to specific sequences (21, 26) . Two GARP family proteins are involved in transcriptional regulation of many different genes including the encystation-induced cwp1 gene by binding to specific sequences (25) . An AT-rich interaction domain (ARID)-family transcription factor can bind to specific AT-rich Inr sequences and function as an important transactivator in the regulation of the cwp1 gene (24) . WRKY can bind to specific sequences in the cwp1, cwp2, and myb2 promoters and upregulate expression of these genes (27) . It has also been suggested that the cwp mRNA stability is regulated by factors of an incomplete nonsense-mediated mRNA decay pathway (28, 29) .
E2F was named because it is an adenovirus E2 gene promoter binding factor (30) . E2F proteins play important roles in regulating cell cycle progression, cell proliferation, and differentiation (31) (32) (33) (34) (35) (36) . They may help enter S phase by activating genes required for DNA synthesis and S phase entry, including thymidine kinase, DNA polymerase, and histones (31) (32) (33) 35) . E2Fs are regulated by retinoblastoma family proteins, including pRB, p107, and p130 (37) (38) (39) (40) (41) . These proteins may bind E2F transactivation domain to inhibit the transactivation function of E2Fs (37) (38) (39) (40) (41) (42) .
E2F proteins contain one or two ~70-amino acid DNA-binding domains with a RRXYD motif (43) . Eight E2Fs have been found in human to date (44) . Human E2F1-6 have one DNA binding domain. DP is another family of transcription factors that can bind DNA and activate transcription (44) . The DNA binding domain of DP has significant similarity to that of E2F (44) . E2F can form a heterodimer with DP to recognize a sequence TTT(c/g)GCGC(c/g) or TTTCCCGCC and to transactivate (E2F1-3) or repress (E2F4-6) the target gene promoters (42, (45) (46) (47) (48) (49) (50) (51) (52) . Human E2F7-8 have two DNA binding domains. They can bind consensus E2F binding sequence in a DP-independent manner, but they function as transcriptional repressors to regulate target genes (43, 53, 54) . Members of the E2F and DP family have been found in flies, worms, plants, and mammals (42) . E2Fs and DPs with one DNA binding domain have been identified in plants with similar function and similar binding sequence. E2Fs with two DNA binding domains have also been found in plants with similar binding sequence, but they function as transcriptional repressors (E2L1-3) (55) .
Because E2F proteins play critical roles in cell cycle progression and cell differentiation of many eukaryotes, we asked whether Giardia has E2F family proteins and whether they influence gene expression during Giardia differentiation into dormant cysts. We searched the Giardia genome database for genes encoding E2F-like proteins and identified one giardial E2F homolog (E2F1). We found that E2F1 bound to specific sequences and functioned as a transactivator of the thymidine kinase gene. We also found that E2F1 can function as a transcriptional activator of the cwp genes and interact with an important encystation-specific Myb2 transcription factor. Our results suggest that E2F1 may be an important transcription factor regulating differentiation in the primitive eukaryote, G. lamblia.
Experimental procedures
G. lamblia culture. Trophozoites of G. lamblia WB (ATCC 30957), clone C6, were cultured in modified TYI-S33 medium (56) . Encystation was performed as previously described (23) . Briefly, trophozoites that were grown to late log phase in growth medium were harvested and encysted for 24 h in TYI-S-33 medium containing 12.5 mg/ml bovine bile at pH 7.8 at a beginning density of 5×10 5 cells/ml. Cyst count. Cyst count was performed on the stationary phase cultures (~2×10 6 cells/ml) during vegetative growth as previously described (57) and the data were shown in Fig. 8D . Cells were subcultured in growth medium with suitable selection drugs at an initial density of 1×10 6 cells/ml. Cells seeded at this density became confluent within 24 h. Confluent cultures were maintained for an additional 8 h to ensure that the cultures were in stationary phase (at a density of~2×10 6 cells/ml). Cyst count was performed on these stationary phase cultures. Cultures were chilled and cells were washed twice in double-distilled water at 4 •C and trophozoites were lysed by incubation in double-distilled water overnight at 4 •C. Cysts were washed three times in double-distilled water at 4 •C. Water-resistant cysts were counted in a hemacytometer chamber. Cyst count was also performed on 24h encysting cultures.
Isolation and analysis of the e2f1 gene. The G. lamblia genome database (http://www.giardiadb.org/giardiadb/) (11, 58) was searched with the amino acid sequences of the human E2F1 (GenBank accession numbers U47675 and U47646) using the BLAST program (59) . This search detected one putative homologue for E2F which was named as E2F1 (GenBank accession number XM_001705535, open reading frame 23756 in the G. lamblia genome database). The E2F1 coding region with 350 nt of 5'-flanking regions was cloned and the nucleotide sequence was determined. The e2f1 gene sequence in the database was correct. To isolate the cDNA of the e2f1 gene, we performed RT-PCR with e2f1-specific primers using total RNA from G. lamblia. For RT-PCR, 5 μg of DNase-treated total RNA from vegetative and 24 h encysting cells was mixed with oligo (dT)12-18 and random hexamers and Superscript II RNase H-reverse transcriptase (Invitrogen). Synthesized cDNA was used as a template in subsequent PCR with primers E2F1F (CACCATGCAGCTCGCAGGCCAA) and E2F1R (GTGTGCTCCGTTTGCGTG). Genomic and RT-PCR products were cloned into pGEM-T easy vector (Promega) and sequenced (Applied Biosystems, ABI (GCAAATTGGATGCCAAACAA) and cwp3realR (GACTCCGATCCAGTCGCAGTA); myb2realF (TCCCTAATGACGCCAAACG) and myb2realR (AGCACGCAGAGGCCAAGT); tkrealF(CCCCTGCGCCGTTCTC) and tkrealR (CCCACCGATAACAATCTCTTCTG); ranrealF (TCGTCCTCGTCGGAAACAA) and ranrealR (AACTGTCTGGGTGCGGATCT); 18SrealF and 18SrealR. Two independently generated stably transfected lines were made from each construct and each of these cell lines was assayed three separate times. The results are expressed as relative expression level over control. Student's t-tests were used to determine statistical significance of differences between samples.
Plasmid construction. All constructs were verified by DNA sequencing with a BigDye Terminator 3.1 DNA Sequencing kit and an Applied Biosystems 3100 DNA Analyser (Applied Biosystems). Plasmid 5'Δ5N-Pac was a gift from Dr. Steven Singer and Dr. Theodore Nash (60) . Plasmid pNW1L has been described previously (57) . For constructing pPE2F1, a PCR with oligonucleotides TU5NhF (GGCGGCTAGCCGCAGACGCATGAACGCAT  G) and TU5BaR (GGCGGGATCCTTTTATTTCCGCCCGTCCAG) generated a 0.3-kb product that was digested with NheI and BamHI. Another PCR with primers E2F1BF (GGCGGGATCCATGCAGCTCGCAGGCCAAA  G) and E2F1MR (GGCGACGCGTGTGTGCTCCGTTTGCGTG) generated a 1.3-kb PCR product that was digested with BamHI and MluI and cloned into NheI/MluI-digested pPop2NHA (28) with the 0.3-kb NheI/BamHI fragment. The resulting pPE2F1 contains an e2f1 gene controlled by the α2-tubulin promoter with a HA tag fused at its C terminus. To make the pPE2F1m1 plasmid, the e2f1 gene was amplified using two primers E2F1m1F (GGCGGGATCCATGCAGCTCGCAGGCCAAA GTCCTCAAGTAatgCAAggcAACCCGtgtGTTaG ttgtCTCGTCGATCTC, mutated nucleotides are shown in lowercase type) and E2F1MR. The product was digested with BamHI and MluI and cloned into the BamHI/MluI-digested pPE2F1 vector to generate plasmid pPE2F1m1. To make the pPE2F1m2 plasmid, the e2f1 gene was amplified using two primer pairs E2F1BF and E2F1m2R (CCTATAAAAAGCacaactcatacagccAGGCGGAT AGCA), and E2F1m2F (TGCTATCCGCCTggctgtatgagttgtGCTTTTTATA GG) and E2F1MR. The two PCR products were purified and used as templates for a second PCR. The second PCR reaction also included primers E2F1BF and E2F1MR, and the product was digested with BamHI and MluI and cloned into the BamHI/MluI-digested pPE2F1 vector to generate plasmid pPE2F1m2. To make the pPE2F1dd plasmid, the e2f1 gene was amplified using two primer pairs E2F1BF and E2F1dd1R (TGATGATAATACCGAGTATCAGATCGTAGA GC), and E2F1dd1F (GCTCTACGATCTGATACTCGGTATTATCATC A) and E2F1MR. The two PCR products were purified and used as templates for a second PCR. The second PCR reaction also included primers E2F1BF and E2F1MR, and the product was digested with BamHI and MluI and cloned into the BamHI/MluI-digested pPE2F1 vector to generate plasmid pPE2F1d1. The e2f1 gene was amplified from pPE2F1d1 template using two primer pairs E2F1BF and E2F1dd2R (TGGTAATAAGGTGCATGGTAATGTCATACA GT), and E2F1dd2F (ACTGTATGACATTACCATGCACCTTATTACC A) and E2F1MR. The two PCR products were purified and used as templates for a second PCR. The second PCR reaction also included primers E2F1BF and E2F1MR, and the product was digested with BamHI and MluI and cloned into the BamHI/MluI-digested pPE2F1 vector to generate plasmid pPE2F1dd. To make the pPE2F1DB1m (or pPE2F1DB2m) plasmid, the e2f1 gene was amplified using two primer pairs E2F1BF and E2F1DB1mR (TATCAGATCGTAGAGCGCTCTACTTTCAAT AGC) (or E2F1DB2mR GGTAATGTCATACAGTGCACGCACCTGACT CGA), and E2F1DB1mF (GCTATTGAAAGTAGAgcGCTCTACGATCTG  ATA) (or E2F1DB2mF: TCGAGTCAGGTGCGTgcACTGTATGACATTA CC) and E2F1MR. The two PCR products were purified and used as templates for a second PCR. The second PCR reaction also included primers E2F1BF and E2F1MR, and the product was cloned into the BamHI/MluI-digested pPE2F1 vector to generate plasmid pPE2F1DB1m (or pPE2F1DB2m). The 287-bp 5'-flanking region of the thymidine kinase gene was amplified with primers TKNhe5F (GGCGGCTAGCATGGCATTTTCTATAACCTG  A) and TKNco5R (GGCGCCATGGCCAATTTTTTTTCGCGGAAA A), digested with NheI and NcoI, and ligated in place of the NheI/NcoI-excised α2-tubulin promoter sequence in pNT5 (21) . The resulting plasmid, pNTK5, contained the luciferase gene under the control of the thymidine kinase promoter. The 287-bp 5'-flanking region of the thymidine kinase gene was amplified with primers TKNhe5F (GGCGGCTAGCATGGCATTTTCTATAACCTG  A) and TKNco5m1R (GGCGCCATGGCCAATTTTTTTTatattgggATG  CTG) or TKNco5m2R (GGCGCCATGGCCAATTTTTTTTCGCGGgggA TGCTGGG), digested with NheI and NcoI, and ligated in place of the NheI/NcoI-excised α2-tubulin promoter sequence in pNT5 (21) . The resulting plasmid, pNTK5m1 or pNTK5m2, contained the luciferase gene under the control of the thymidine kinase promoter with a mutation on the E2F1 binding site. To make the pNW1Lm1 plasmid, 402-bp 5'-flanking region of the cwp1 gene was amplified using two primer pairs cwp15NF and w1m1R (GACTGTAGACTGTTAtaactcccAAATGCAGA C), and w1m1F (GTCTGCATTTgggagttaTAACAGTCTACAGTC) and cwp15NR (GGCGGCCATGGCCCTGATATTTTATTTCTGT GTTT). The two PCR products were purified and used as templates for a second PCR. The second PCR reaction also included primers cwp15NF and cwp15NR, and the product was digested with NheI and NcoI, and ligated in place of the NheI/NcoI-excised α2-tubulin promoter sequence in pNT5 (21) . The resulting plasmid, pNW1Lm1, contained the luciferase gene under the control of the cwp1 promoter with a mutation on the putative E2F1 binding site. The 402-bp 5'-flanking region of the cwp1 gene was amplified from pPW1m4 (24) template using two primers cwp15NF (Ggcggctagcttcgcttgcttttgccgttagaagag) and w1m2NR (GGCGCCATGGCCCTGGcgccccgccccTGTGTT TCTTGATCTGAGAG), digested with NheI and NcoI, and ligated in place of the NheI/NcoI-excised α2-tubulin promoter sequence in pNT5 (21) . The resulting plasmid, pNW1Lm2, contained the luciferase gene under the control of the cwp1 promoter with a mutation on the AT-rich Inr element. 5'-RACE analysis. 5'-RACE for determination of the transcription start sites of the thymidine kinase gene was performed using the 5'-RACE system (Invitrogen). Oligonucleotides TKGSPR1 (TCGCCAAACTCTGTTGCAAGT) and TKGSPR2 (TCGCCAAGAAGTACCGCTCTC) were used as first-strand primer and nested primer respectively.
Transfection, luciferase assay, and Western blot analysis. Cells transfected with the pP series plasmid containing the pac gene were selected and maintained with 54 μg/ml puromycin. The luciferase activity was determined as described (17) . After stable transfection with specific constructs, luciferase activity was determined in vegetative cells at late log/stationary phase (1.5 10 6 cells/ml) as described (17) and was measured with an Optocomp I luminometer (MGM Instruments). Two independently generated stably transfected lines were made from each construct and each of these lines was assayed three separate times. Western blots were probed with anti-V5-horseradish peroxidase (HRP) (Invitrogen) or anti-HA monoclonal antibody (Covance, Princeton, NJ; 1/5000 in blocking buffer), anti-CWP1 (1/10000 in blocking buffer) (26) , anti-E2F1 (1/10000 in blocking buffer) (see below), or preimmune serum (1/5000 in blocking buffer), and detected with peroxidase-conjugated goat anti-mouse IgG (Pierce, 1/5000) or peroxidase-conjugated goat anti-rabbit IgG (Pierce, 1/5000) and enhanced chemiluminescence (GE Healthcare).
Expression and Purification of Recombinant E2F1 Protein. The genomic e2f1 gene was amplified using oligonucleotides E2F1F and E2F1R. The product was cloned into the expression vector pET101/D-TOPO (Invitrogen) in frame with the C-terminal His and V5 tag to generate plasmid pE2F1. To make the pE2F1m1, pE2F1m2, pE2F1dd, pE2F1DB1m, or pE2F1DB2m expression vector, the e2f1 gene was amplified using primers E2F1F and E2F1R and specific template, including pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or pPE2F1DB2m. The product was cloned into the expression vector to generate plasmid pE2F1m1, pE2F1m2, pE2F1dd, pE2F1DB1m, or pE2F1DB2m. The pE2F1, pE2F1m1, pE2F1m2, pE2F1dd, pE2F1DB1m, or pE2F1DB2m plasmid was freshly transformed into Escherichia coli BL21 Star™(DE3) (Invitrogen). An overnight pre-culture was used to start a 250-ml culture. E. coli cells were grown to an A600 of 0.5, and then induced with 1mM isopropyl-D-thiogalactopyranoside (IPTG) (Promega) for 4 h. Bacteria were harvested by centrifugation and sonicated in 10ml of buffer A (50mM sodium phosphate, pH 8.0, 300mM NaCl) containing 10 mM imidazole and protease inhibitor mixture (Sigma). The samples were centrifuged, and the supernatant was mixed with 1 ml of 50% slurry of nickel-nitrilotriacetic acid Superflow (Qiagen). The resin was washed with buffer A containing 20 mM imidazole and eluted with buffer A containing 250mM imidazole. Fractions containing E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m were pooled, dialyzed in 25 mM HEPES pH 7.9, 20 mM KCl, and 15% glycerol, and stored at -70 o C. Protein purity and concentration were estimated by Coomassie Blue and silver staining compared with serum albumin. E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m was purified to apparent homogeneity (>95%).
Generation of anti-E2F1 antibody. Purified E2F1 protein was used to generate rabbit polyclonal antibodies through a commercial vendor (Angene, Taipei, Taiwan). Generation of anti-Myb2 antibody. The genomic myb2 gene was amplified using oligonucleotides Myb2F and Myb2R and the product was cloned into the expression vector pCRT7/CT-TOPO (Invitrogen) in frame with the C-terminal His and V5 tags to generate plasmid pMyb. The pMyb plasmid was freshly transformed into Escherichia coli BL21(DE3)pLysS (QIAexpressionist, Qiagen). An overnight pre-culture was used to start a 250-ml culture. E. coli cells were grown to an OD600 of 0.5, and then induced with 1 mM IPTG (Promega) for 2 h. Bacteria were harvested by centrifugation and sonicated in 10 ml of buffer A (100 mM sodium phosphate, 10mM Tris-Cl, 6M Guanidine Hydrochloride, pH8.0) containing 10 mM imidazole and complete protease inhibitor cocktail (Roche). The samples were centrifuged and the supernatant was mixed with 1 ml of a 50% slurry of Ni-NTA superflow (Qiagen). The resin was washed with buffer B (100 mM sodium phosphate, 10 mM Tris-Cl, 8 M urea, pH8.0) and buffer C (100 mM sodium phosphate, 10 mM Tris-Cl, 8 M urea, pH6.3) and eluted with buffer E (100 mM sodium phosphate, 10 mM Tris-Cl, 8 M urea, pH4.5). Fractions containing Myb2 were pooled, dialyzed in 25 mM HEPES pH 7.9, 40 mM KCl, 0.1 mM EDTA, and 15 % glycerol, and stored at -70°C. Protein purity and concentration were estimated by Coomassie Blue and silver staining compared with bovine serum albumin. Myb2 was purified to apparent homogeneity (>95%). Purified Myb2 protein was used to generate rabbit polyclonal antibodies through a commercial vendor (Angene, Taipei, Taiwan).
GST pull down assay. To clone pGSTMyb2, a PCR product generated by oligonucleotides GMEF (GGCGGAATTCATGTTACCGGTACCTTCTCA) and GMSR (GGCGGTCGACTCAGGGTAGCTTCTCACGG G) on genomic DNA template was digested with EcoRI and SalI and cloned into EcoRI/SalI digested pGEX-6P-1 (Amersham). The pGEX6p-1 or pGSTMyb2 plasmid was transformed into E. coli BL21(DE3)pLysS. Expression was induced by addition of IPTG to a final concentration of 1mM and continued culture growth for 2 h. GST or GSTMyb2 fusion proteins expressed in E. coli were affinity-purified with the Microspin GST purification module according to manufacturer's instructions (GE Healthcare).
To confirm the presence of GST and GSTMyb2 in the beads, the beads were subjected for SDS-PAGE. GST and GSTMyb2 were visualized by Coomassie Blue staining. For GST pull down assay, 5~10 ug of GST or GSTMyb2 was incubated with 50 ng of purified recombinant E2F1 protein with a C-terminal V5 tag in a pull down buffer (25mM Tris-phosphate (pH 7.8), 2mM DTT, 10% glycerol, 1% Triton X-100, 1% Nonidet P-40, 300mM KCl). After incubation for 1 h at room temperature, the beads were washed for five times in the pull down buffer. Finally the beads were resuspended in SDS-PAGE sample buffer and analyzed by Western blot and probed with anti-V5-HRP antibody (Invitrogen).
Co-immunoprecipitation assay. The 5'Δ5N-Pac and pPE2F1 stable transfectants were inoculated into encystation medium (5×10 7 cells in 45 ml medium) and harvested after 24 h in encystation medium under drug selection and washed in phosphate-buffered saline. Cells were lysed in luciferase lysis buffer (Promega) and protease inhibitor (Sigma) and then vortexed with glass beads. The cell lysates were collected by centrifugation and then incubated with anti-HA antibody conjugated to beads (Bethyl Laboratories Inc.). The beads were washed three times with luciferase lysis buffer (Promega). Finally the beads were then resuspended in sample buffer and analyzed by Western blot and probed with anti-HA monoclonal antibody (1/5000 in blocking buffer; Sigma) and anti-Myb2 (1/10000 in blocking buffer), and detected with peroxidase-conjugated goat anti-mouse IgG (Pierce, 1/5000) or peroxidase-conjugated goat anti-rabbit IgG (Pierce, 1/5000) and enhanced chemiluminescence (GE Healthcare).
Immunofluorescence assay. The pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or pPE2F1DB2m stable transfectants were cultured in growth medium under puromycin selection. Cells cultured in growth medium or encystation medium for 24 h were harvested, washed in phosphate-buffered saline (PBS), and attached to glass coverslips (2 × 10 6 cells/coverslip) and then fixed and stained (17) . Cells were reacted with anti-HA monoclonal antibody (1/300 in blocking buffer; Molecular Probes) and anti-mouse ALEXA 488 (1/500 in blocking buffer, Molecular Probes) as the detector. For staining cysts, cysts were reacted with anti-CWP1 (1/300 in blocking buffer) and anti-rabbit ALEXA 488 (Molecular Probes, 1/500 in blocking buffer) was used as the detector. ProLong antifade kit with 4',6-diamidino-2-phenylindole (Invitrogen) was used for mounting. E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m was visualized using a Leica TCS SP5 spectral confocal system. Electrophoretic Mobility Shift Assay. Double-stranded oligonucleotides specified throughout were 5'-end-labeled as described (18) . Binding reaction mixtures contained the components described (24) . Labeled probe (0.02 pmol) was incubated for 15 min at room temperature with 5 ng of purified E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m protein in a 20μl volume supplemented with 0.5μg of poly (dI-dC) (Sigma). Competition reactions contained 200-fold molar excess of cold oligonucleotides. In an antibody supershift assay, 0.8μg of an anti-V5-HRP antibody (Bethyl Laboratories) was added to the binding reaction mixture. The mixture was separated on a 6% acrylamide gel by electrophoresis.
ChIP assays. The WB clone C6 cells were inoculated into encystation medium (5 10 7 cells in 45 ml medium) and harvested after 24 h in encystation medium under drug selection and washed in phosphate-buffered saline. ChIP was performed as described previously (26) with some modifications. Formaldehyde was then added to the cells in phosphate-buffered saline at a final concentration of 1%. Cells were incubated at room temperature for 15 min and reactions were stopped by incubation in 125 mM glycine for 5min. After phosphate-buffered saline washes, cells were lysed in luciferase lysis buffer (Promega) and protease inhibitor (Sigma) and then vortexed with glass beads. The cell lysate was sonicated on ice and then centrifuged. Chromatin extract was incubated with protein G plus/protein A-agarose (Merck) for 1h. After removal of protein G plus/protein A-agarose, the precleared lysates were incubated with 2 μg of anti-E2F1 antibody or preimmune serum for 2 h and then incubated with protein G plus/protein A-agarose (Merck) for 1 h. The beads were washed with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl) twice, high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 500 mM NaCl) once, LiCl buffer (0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.0) once, and TE buffer (20 mM Tris-HCl, 1 mM EDTA pH 8.0) twice. The beads were resuspended in elution buffer containing 50 mM Tris-HCl, pH 8.0, 1% SDS and 10 mM EDTA at 65 o C for 4 hours. To prepare DNA representing input DNA, 2.5% of precleared chromatin extract without incubation with anti-E2F1 was combined with elution buffer. Eluted DNA was purified by the QIAquick PCR purification kit (Qiagen). Purified DNA was subjected to PCR reaction followed by agarose gel electrophoresis. Primers 18S5F (CCAAAAAAGTGTGGTGCAGG) and 18S5R (GCCGGGCGCGGGCGCCGCGG) were used to amplify the 18S ribosomal RNA gene promoter as a control for our ChIP analysis. Primers E2F15F (GAAAGTTTAATCAGGCACAT) and E2F15R (TAAAAAATGAATTGCGGGAA), cwp15F (CAACGGCTTACTAAATCATTCTCTTG) and cwp15R (TTCTGTGTTTCTTGATCTGAGAGTTGT), cwp25F (GAGCATGGGTTCTGACAAATAGTG) and cwp25R (CATCAGTCTACTGTTTCTTTTTAGTTCATAT CT), cwp35F (TTCGGGAGGGTCTGGGGGAG) and cwp35R (ATCAGTAGTAACTTATTTTT), myb25F (TGCACTGTAGCGTTTCCATTTG) and myb25R (ACTTACCCGTAATGGCGTTGAC), tk5F (AGCAAGACATTAGTAATGCT) and tk5R (CCAATTTTTTTTCGCGGAAAA), and ran5F (GCCGCTTCAATGACAGATGC) and ran5R (GCTACTCTCGGTTCCTGGGT) were used to amplify e2f1, cwp1, cwp2, cwp3, myb2, thymidine kinase, and ran gene promoters within the -200 to -1 region.
Microarray analysis. RNA was quantified by A260nm by an ND-1000 spectrophotometer (Nanodrop Technology, USA) and qualitated by a Bioanalyzer 2100 (Agilent Technology) with an RNA 6000 Nano LabChip kit. RNA from the pPE2F1 cell line was labeled by Cy5 and RNA from the 5' 5N-Pac cell line was labeled by Cy3. 0.5 μg of total RNA was amplified by a Low RNA Input Fluor Linear Amp kit (Agilent Technologies) and labeled with Cy3 or Cy5 (CyDye, PerkinElmer Life Sciences) during the in vitro transcription process. 0.825 μg of Cy-labeled cRNA was fragmented to an average size of about 50-100 nucleotides by incubation with fragmentation buffer at 60 o C for 30 minutes. Correspondingly fragmented labeled cRNA was then pooled and hybridized to a G. lamblia oligonucleotide microarray (Agilent Technologies, USA) at 60°C for 17 h. After washing and drying by nitrogen gun blowing, microarrays were scanned with an Agilent microarray scanner (Agilent Technologies, USA) at 535 nm for Cy3 and 625 nm for Cy5. Scanned images were analyzed by Feature Extraction version 9.1 software (Agilent Technologies, USA), and image analysis and normalization software was used to quantify signal and background intensity for each feature; data were substantially normalized by the rank consistency filtering LOWESS method.
Results
Identification and characterization of e2f1 gene. To identify genes encoding novel E2F1 proteins from G. lamblia, we performed BLAST searches (59) against the G. lamblia genome database (www.giardiadb.org/giardiadb/) (11, 58) using the amino acid sequences of the human E2F1 (GenBank accession numbers U47675 and U47646) as a query sequence. This search detected one putative homolog, E2F1 (GenBank accession number XM_001705535, open reading frame 23756 in the G. lamblia genome database).
Comparison of genomic and cDNA sequences showed that the e2f1 gene contained no introns. The deduced giardial E2F1 protein contains 422 amino acids with a predicted molecular mass of ~ 46.22 kDa and a pI of 8.22. It has two putative E2F/DP family winged-helix DNA-binding domains as predicted by Pfam (http://pfam.sanger.ac.uk/) (61) . Like the human E2F family (30), the DNA-binding domains of which are near the N-terminal region, the two DNA-binding domains of the giardial E2F1 are near the N-terminal region (residues 14-81 and 106-179) (Fig. 1A) . The similarity between E2F1 and other E2F proteins is limited to their DNA binding domains (data not shown).
The structure of the DNA binding domain of E2F includes four α helices and three β sheets which form a hydrophobic core (Fig. 1B) (49) . Structural studies of the DNA binding domain of human E2F4 show that the α3 helix binds in the major groove and the two Args of RRXYD (arrowheads in Fig. 1B ) are the key residues contacting the bases G of the binding sequence (TTTCGCGCG) on opposite strands (49) . The Tyr residue of RRXYD (arrowhead in Fig. 1B ) contacts a base C of the binding sequence (49) . The Asp residue of the RRXYD motif helps stabilize the two Args by making hydrogen bonds to them (49) . Several amino acids of the α helies and β sheets contact the DNA backbone (asterisks in Fig. 1B ) (49) . The Arg of the αN helix (arrowhead in Fig. 1B ) contacts the DNA minor groove near the T-rich region of the binding sequence. The α1 and α3 helices make dimerization contact by forming a hydrophobic interface (circles in Fig. 1B ). Sequence alignment of the two DNA binding domains of the giardial E2F1 shows that some residues making DNA base contact, including the RRXYD motifs of the α3 helix, are conserved; the Arg of the αN helix making DNA base contact is not conserved (arrowhead in Fig. 1B) ; some residues making DNA backbone contact or dimerization contact are conserved (asterisks or circles in Fig. 1B) . The full-length of giardial E2F1 has 13% identity and 28% similarity to that of human E2F4, but it has lower identity (10%) and similarity (24%) to that of human DP1. The DNA binding domain 1 (2) of giardial E2F1 has 34% (30%) identity and 46% (54%) similarity to the DNA binding domain of the human E2F4. The C-terminal 69 amino acids of the human E2F1 have been reported to be a transactivation domain and pRB binding domain (42, 62) . The C terminal half of the giardial E2F1 (residues 180-422) which does not contain the DNA binding domains has no apparent functional motif. The C-terminal end of the giardial E2F1 is not highly similar to the pRB binding domain of the human E2Fs (Fig. 1C) . Expression of the e2f1 gene. RT-PCR and quantitative real-time PCR analysis of total RNA showed that the e2f1 transcript was present in vegetative cells and increased significantly in 24 h encysting cells (Fig. 2A) . As controls, we found that the mRNA levels of the cwp1 and ran genes increased and decreased significantly during encystation, respectively ( Fig. 2A) . The products of the cwp1 and ran genes are the component of the cyst wall and the ras-related nuclear protein (15, 18) . To determine the expression of E2F1 protein, we generated an antibody specific to the full-length E2F1. Western blot analysis confirmed that this antibody recognized E2F1 at a size of ~55 kDa (Fig. 2B) , which was almost matched to the predicted molecular mass of E2F1 (~46.2 kDa). E2F1 was expressed in vegetative cells and its levels increased significantly during encystation (Fig. 2B) . The preimmune serum did not detect any bands at a size ~55 kDa (Fig. 2B) .
Localization of the E2F1 protein.
To determine the role of E2F1 protein in G. lamblia, we expressed e2f1 gene constitutively under the control of the α2-tubulin gene promoter with an HA epitope tag at its C-terminus ( Fig. 2C ) and observed its expression in Giardia. The HA-tagged E2F1 was detected in the nuclei during vegetative growth and encystation (Figs. 2D and S1), indicating that E2F1 is a nuclear protein in Giardia. We also tried to express the ef21 gene under its own promoter with an HA epitope tag at its C-terminus (data not shown). The expression of the HA-tagged E2F1 protein can be detected by Western blot analysis and immunofluorescence assays but the signal was too weak to be shown (data not shown). E2F1 protein was also detected in the nuclei using an anti-E2F1 antibody for immunofluorescence assays (data not shown).
Binding of E2F1 to the thymidine kinase promoter. The nuclear localization of E2F1 suggested that it might also function as a transcription factor in G. lamblia. To test its DNA-binding activity, we expressed E2F1 with a C-terminal V5 tag in E. coli and purified it to >95% homogeneity (data not shown). An anti-V5-HRP antibody specifically recognized the recombinant V5-tagged E2F1 (~55 kDa) in Western blot (Fig. 3A) . A minor band (~40 kDa) that may be a degraded form was also detected (Fig. 3A) .
Electrophoretic mobility shift assays were performed with the purified E2F1 and double-stranded DNA sequences from the 5'-flanking region of thymidine kinase gene, an S phase specific gene (63) . Incubation of a labeled double-stranded DNA probe tk-30/-1 with E2F1 resulted in the formation of retarded bands (Fig.  3B, lane 3) . tk-30/-1 is the region from -30 to -1 bp relative to the translation start site of the thymidine kinase gene. E2F1 did not bind to either single strand of the tk-30/-1 probe (data not shown). Incubation of the labeled probe tk-60/-31 with E2F1 did not form any retarded bands (Fig.  3B, lane 1) . The binding specificity was confirmed by competition and supershift assays (Fig. 3B,  lanes 4-6) . The formation of the shifted tk-30/-1 bands was almost totally competed by a 200-fold molar excess of unlabeled tk-30/-1, but not by the same excess of a nonspecific competitor, tk-60/-31 ( Fig. 3B, lanes 4 and 5) . Addition of anti-V5-HRP antibody that recognized the purified E2F1 decreased the levels of the normal mobility shift complex (Fig. 3B, lane 6) . The results suggest that Giardia E2F1 can bind the thymidine kinase promoter (-30/-1 region) and that it can bind DNA independently of DP, like other E2Fs with two DNA binding domains (43, 53, 55) . Interestingly, the tk-30/-1 probe contains a TTTCCGCG sequence which is similar to the consensus human E2F binding sites TTT(c/g)GCGC(c/g) or TTTCCCGCC (42, (45) (46) (47) (48) (49) (50) (51) (52) .
E2F1 was also shown to bind to its own promoter (e2f1-35/-1 probe) (Fig. 3B, lane 7) . We also tested whether E2F1 binds to the promoter of encystation-induced genes. We found that E2F1 also bound to encystation-specific cwp1, cwp2, and cwp3 promoter (cwp1-104/-70, cwp2-30/+8, and cwp3-30/-1 probes) (Fig. 3B, lanes 8, 9 , and 10). The results suggest that these specific promoters may contain putative E2F1 binding sequences (Fig. 3B, underlined letters) . E2F1 did not bind to the -30 to -1 and -60 to -31 region of the 5'flanking region of the 18S ribosomal RNA gene, which do not contain the putative E2F1 binding sequences (data not shown).
Studies suggest that human E2F4 can bind to both DNA major and minor grooves (arrowheads in Fig. 1B) (49) . To investigate how E2F1 binds DNA, we used distamycin A, which binds to the DNA minor groove, as a competitive inhibitor of E2F1 binding (64) . As shown in Fig. 3C , the binding of E2F1 to DNA decreased with increasing concentrations of distamycin A. However, the binding was not completely inhibited at concentrations ~5 mM, suggesting that E2F1 may bind to both major and minor grooves.
Scanning mutagenesis of the tk-30/-1 probe showed that substitutions within the TTTCCGCG sequence significantly decreased the DNA-protein Recruitment of E2F1 to the e2f1, cwp1-3, and myb2 promoters. We further used ChIP assays to study the association of E2F1 with specific promoters in the E2F1 overexpressing cell line. We found that E2F1 was associated with its own promoter and the cwp1, cwp2, cwp3, myb2, thymidine kinase, and ran promoters during vegetative growth or during encystation (Fig. 4C and data not shown). However, E2F1 was not associated with the 18S ribosomal RNA gene promoter which has no E2F1 binding site in the <200 bp 5'-flanking region (Fig. 4C) .
Transactivation of thymidine kinase promoter activity by E2F1. Identification of the E2F1 binding sequence in the thymidine kinase promoter allowed us to examine whether the E2F1 protein actually activates transcription of this promoter. Transactivation was examined by stably transfecting a reporter plasmid containing a luciferase gene into Giardia together with an effector plasmid pPE2F1 in which expression of the full-length E2F1 was driven by the α2-tubulin promoter. Co-transfection of the pNTK5 reporter construct that expressed the luciferase gene under the control of the thymidine kinase promoter (Fig.  5A ) with pPE2F1 resulted in a ~20-fold increase (Fig. 5B ) in luciferase activity during normal growth compared with the activity in the pNTK5+ 5 ＇ 5N-Pac co-transfectants (5 ＇ 5N-Pac is the construct expressing only the puromycin selection marker) (60) . To understand whether the increase in luciferase activity was due to increased mRNA levels, we measured the luciferase mRNA levels from different transfectants. Co-transfection of pPE2F1 into the pNTK5 transfectants resulted in a ~18-fold increase in the levels of the luciferase mRNA compared with the levels in the pNTK5+ 5' 5N-Pac co-transfectants (Fig. 5B) , indicating that E2F1 can transactivate the thymidine kinase promoter.
We further asked whether E2F1 transactivates the thymidine kinase promoter through its binding site. The E2F1 binding sequence of the thymidine kinase promoter was mutated to construct the plasmid pNTK5m1 or pNTK5m2 and the effect of E2F1 was tested by co-transfection. We found that mutation of the E2F1 binding sequence of the thymidine kinase promoter resulted in a significant decrease of the promoter activity to ~60-80% of the wild type activity during vegetative growth (Fig. 5A ). In addition, the transactivation levels in the pNTK5m1+pPE2F1 or pNTK5m2+pPE2F1 co-transfectants decreased significantly (from ~20 fold to ~5-10 fold) compared with the pNTK5+5' 5N-Pac cell line (Figs. 5B-D) . Therefore, mutation of the E2F1 target sequence in the thymidine kinase promoter decreased the transactivation effect by E2F1. The results suggest that E2F1 can transactivate the thymidine kinase promoter in vivo through its binding sequence.
Transactivation of cwp1 promoter activity by E2F1. We also tried to understand the effect of E2F1 on the cwp1 promoter that is required for encystation. E2F1 can bind to the cwp1 promoter in vitro (Fig. 3B) . The effect of E2F1 on the cwp1 promoter was examined by stably transfecting a reporter plasmid containing a luciferase gene into Giardia together with an effector plasmid pPE2F1 (Fig. 2C) . Co-transfection of the pNW1L reporter construct that expressed the luciferase gene under the control of the cwp1 promoter (Fig. 6A ) with pPE2F1 resulted in a ~5 fold increase (Fig. 6B ) in luciferase activity during normal growth compared with the activity in the pNW1L+ 5＇ 5N-Pac co-transfectants. To understand whether the increase in luciferase activity was due to increased mRNA levels, we measured the luciferase mRNA levels from different transfectants. Co-transfection of pPE2F1 into the pNW1L transfectants resulted in a ~4.8 fold increase in the levels of the luciferase mRNA compared with the levels in the pNW1L+ 5' 5N-Pac co-transfectants (Fig. 6B) , indicating that E2F1 can transactivate the cwp1 promoter.
We further asked whether E2F1 transactivates the cwp1 promoter through its binding site. The putative E2F1 binding sequence of the cwp1 promoter was mutated to construct the plasmid pNW1Lm1 and the effect of E2F1 was tested by co-transfection. We found that mutation of the putative E2F1 binding sequence of the cwp1 promoter resulted in a significant decrease of the promoter activity to ~30% of the wild type activity during vegetative growth (Fig. 6A) . In addition, the transactivation levels in the pNW1Lm1+pPE2F1 co-transfectants decreased significantly (from ~5 fold to ~2 fold) compared with the pNW1L+5' 5N-Pac cell line (Figs. 6B and C). Therefore, mutation of the putative E2F1 binding sequence in the cwp1 promoter decreased the transactivation effect by E2F1. The results suggest that E2F1 can transactivate the cwp1 promoter in vivo through its binding site.
The AT-rich Inr element is required for the promoter activity and transcription start site selection (18, 22, 24) . Because the E2F1 binding site is closed to the AT-rich Inr element, it is more likely that there is an interaction between E2F1 and other transcription factors binding to the AT-rich Inr element, such as ARID1 and Pax1 (24, 65) . We further asked whether mutation of the AT-rich Inr element affects transactivation function of E2F1. The AT-rich Inr element of the cwp1 promoter was mutated to construct the plasmid pNW1Lm2 and the effect of E2F1 was tested by co-transfection. We found that mutation of the AT-rich Inr element of the cwp1 promoter resulted in a significant decrease of the promoter activity to ~1% of the wild type activity during vegetative growth (Fig. 6A) . In addition, the transactivation levels in the pNW1Lm2+pPE2F1 co-transfectants decreased significantly (from ~5 fold to ~3 fold) compared with the pNW1L+5' 5N-Pac cell line (Figs. 6B and D) . Therefore, mutation of the AT-rich Inr element in the cwp1 promoter decreased the transactivation effect by E2F1. The results suggest that AT-rich Inr element is important for transactivation by E2F1.
Analysis of E2F1 mutants. We further identified the portion of E2F1 that is sufficient to interact with DNA or to direct the protein to the nuclei. Two typical nuclear localization signals were predicted in the 11-21 and 230-234 residues of E2F1 using the PSORT program (http://psort.nibb.ac.jp/) (66) (Fig. 7A) . The former nuclear localization signal is located inside the DNA binding domain 1, and the latter one is located downstream of the two DNA binding domains (Fig. 7A) . We found that mutation of the basic amino acids between residues 11 and 21 (E2F1m1) (Fig. 7A) did not affect nuclear localization in both vegetative and encysting cells (Figs. 7B and S1) . Mutation of the basic amino acids between residues 230 and 234 (E2F1m2) (Fig. 7A) resulted in a significant decrease of nuclear localization (Figs. 7B and S1 ). The staining was distributed in both the nuclei and cytosol of both vegetative and encysting cells (Figs. 7B and S1), suggesting that these basic residues may play an important role in the exclusively nuclear localization. Studies suggest that deletion of the residues making dimerization contact may result in a decrease in the interaction of the human E2F7 and E2F8 and a loss of promoter regulation activity (54) . Deletion of the corresponding residues for dimerization contact in giardial E2F1 (residues NVLEA and NILEG) (E2F1dd) (Fig. 7A ) resulted in a significant decrease of nuclear localization (Figs. 7B and S1 ). The staining was distributed to both nuclei and some small vesicles in cytosol (Figs. 7B and S1), suggesting that these residues may play an important role in the exclusively nuclear localization. We also determined the role of the conserved RRXYD motif in nuclear localization. Mutation of the second Arg residue in the RRXYD motif of either DNA binding domain (E2F1DB1m or E2F1DB2m) (Fig. 7A) did not affect nuclear localization in both vegetative and encysting cells (Figs. 7B and S1 ).
To understand whether the regions we tested for nuclear localization are important for DNA binding, specific E2F1 mutants were expressed in E. coli, purified, and tested for their DNA binding activity. Similar levels of wild type E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, and E2F1DB2m were added to the binding reaction mixture (Figs.  7C and D) . We found that mutation of the basic amino acids between residues 11 and 21 (E2F1m1) (Fig. 7A ) resulted in a complete loss of binding activity to the tk-30/-1 probe (Fig. 7E) . Mutation of the basic amino acids between residues 230 and 234 (E2F1m2) (Fig. 7A) did not change the binding activity to the tk-30/-1 probe (Fig. 7F) . We also found that deletion of the corresponding residues for dimerization contact in giardial E2F1 (residues NVLEA and NILEG) (E2F1dd) (Fig. 7A) resulted in a complete loss of binding activity to the tk-30/-1 probe (Fig. 7E) . The results suggest that the residues inside the DNA binding and dimerization domain may play an important role in DNA binding. Each RRXYD motif is known to be important for DNA binding of E2Fs with two DNA binding domains (43, 67) . We found that E2F1DB1m or E2F1DB2m with a mutation of the second Arg residue in the RRXYD motif (Fig. 7A) did not bind to the tk-30/-1 probe (Fig. 7F) , indicating that the RRXYD motif is important for DNA binding.
Overexpression of E2F1 induced the expression of cwp1-3, and myb2 genes. To study the role of E2F1 in G. lamblia, we expressed e2f1 by the α2-tubulin promoter (pPE2F1; Fig. 2C ) and observed its gene expression. A ~55-kDa protein was detected (Fig. 8A) , which was almost matched to the predicted molecular mass of E2F1 (~46.2 kDa) with the HA tag (~1 kDa). Similar to the expression pattern of the endogenous E2F1 protein, the levels of the E2F1-HA protein increased significantly during encystation (data not shown; also see Fig. 2B ). Overexpression of E2F1 in the pPE2F1 cell line can be confirmed by the anti-E2F1 antibody, although the endogenous E2F1 and overexpressed E2F1-HA migrated at similar sizes (Fig. 8A) . We found that E2F1 overexpression resulted in a significant increase of the CWP1 protein levels during vegetative growth (Fig. 8A) . RT-PCR and quantitative real-time PCR analysis showed that the mRNA levels of the endogenous e2f1 plus vector expressed e2f1 in the E2F1 overexpressing cell line increased by ~3.7-fold (P<0.05) (Figs. 8B and C) relative to the control cell line, which expressed only the puromycin selection marker (5'Δ5N-Pac) (Fig. 2C ) (60) . The mRNA levels of the endogenous cwp1, cwp2, cwp3, myb2, and thymidine kinase genes in the E2F1 overexpressing cell line increased by ~2.3 to 2.6-fold (P<0.05) relative to the control cell line (Figs. 8B and C, data not shown). Similar mRNA levels of the ran and 18S ribosomal RNA genes were detected (Figs. 8B and C). We further investigated the effect of giardial E2F1 on cyst formation. In previous studies, we have found that some G. lamblia trophozoites may undergo spontaneous differentiation (57) . We obtained consistent cyst counts data for vegetative G. lamblia cultures during growth to stationary phase (~4800 cysts/ml for 5'Δ5N-Pac cell line) (60) . In this study, we found that the cyst number in the E2F1 overexpressing cell line increased by ~2.3-fold (P<0.05) relative to the control cell line, which expresses only the puromycin selection marker (5'Δ5N-Pac) (Fig. 2C) , indicating that the overexpressed E2F1 can increase the cyst formation (Fig. 8D) . Similar results were obtained during encystation (data not shown). The results suggest that the overexpressed E2F1 can transactivate the cwp1, cwp2, cwp3, myb2, and thymidine kinase genes.
To further understand the function of giardial E2F1, we observed the effect of overexpression of the E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, and E2F1DB2m (Fig. 8) . E2F1m1, E2F1DB1m, and E2F1DB2m can enter nuclei, but E2F1m2 and E2F1dd partially localized to nuclei (Figs. 7B and S1). We found that the levels of E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m protein increased significantly compared with that of wild type E2F1 during vegetative growth in both anti-HA and anti-E2F1 Western blots (Fig. 8A) . We further analyzed whether the transcript levels of the E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m were changed. As shown by RT-PCR and quantitative real-time PCR analysis, the levels of HA-tagged e2f1m1, e2f1m2, e2f1dd, e2f1db1m, or e2f1db2m mRNA increased by ~1.3-3.1-fold (p < 0.05) compared with that of wild type HA-tagged e2f1 during vegetative growth (Figs. 8B and C). We did not detect any HA-tagged e2f1 transcripts in the 5' 5N-Pac control cell line (Fig.  8B) . We also found that the levels of the CWP1 protein and the cwp1, cwp2, cwp3, myb2, and thymidine kinase mRNA and cyst formation increased significantly in the E2F1m1, E2F1dd, E2F1DB1m, or E2F1DB2m overexpressing cell line relative to the wild-type E2F1 overexpressing cell line (Figs. 8A, B, C, and D) . Similar results were obtained during encystation (data not shown). The results suggest an increase of transactivation activity of E2F1m1, E2F1dd, E2F1DB1m, and E2F1DB2m whose expression also increased significantly. Therefore, it is possible that these E2F1 mutants still possess transactivation activity. However, the transactivation activity of the E2F1m2 mutant did not increase (Figs. 8A, B , C, and D), possibly because of its partial mis-localization and its relative lower expression as compared with other E2F1 mutants (Figs. 7B  and 8C ).
Oligonulceotide microarray assays confirmed the up-regulation of the cwp1, cwp2, cwp3, myb2, and thymidine kinase gene expression in the E2F1 overexpressing cell line to ~2.12 to ~2.7-fold of the levels in the control cell line (Fig. 8E) . Similar mRNA levels of the ran gene were detected (Fig.  8E) . We found that 31 and 42 genes were significantly up-regulated (>2 fold) and down-regulated (<1/2) (p<0.05) in the E2F1 overexpression cells relative to the vector control, respectively ( Fig. 8E and Table 1 ). The expression levels of the e2f1 gene in the E2F1 overexpressing cell line increased by ~3.65-fold (P<0.05) (Fig. 8E and Table 1) .
Interaction between E2F1 and Myb2. It is possible that E2F1 may regulate target genes by interacting with other transcription factors. We further tried to understand whether E2F1 can interact with Myb2, which is an encystation-induced transcription factor and is involved in coordinate upregulation of the cwp1-3 genes during encystation (21, 26) . We used glutathione-S-transferase (GST) pull down assays to investigate the possibility that E2F1 interacts with Myb2. We performed the assays using the GSTMyb2 fusion protein bound in the glutathione sepharose beads and purified E2F1. Specific pull-down interactions were observed with GSTMyb2 and E2F1, whereas no interaction was observed with GST and E2F1 (Figs. 9A, B , and C).
We then performed co-immunoprecipitation experiments using the E2F1 overexpressing cell line. We lysed the cells and immunoprecipitated the HA-tagged E2F1 with anti-HA antibody. Western blots of immunoprecipitates probed with anti-HA and anti-Myb2 indicate that E2F1 co-precipitates with Myb2 (Figs. 9D and E) . As a control, the anti-HA antibody did not immunoprecipitate E2F1 and Myb2 in the control cell line, which expressed only the puromycin selection marker (5'Δ5N-Pac) (Fig. 2C) (60) , suggesting that Myb2 co-immunoprecipitated with anti-HA requires the HA-tagged E2F1 protein (Figs. 9D and E) . The results suggest an interaction between E2F1 and Myb2.
Discussion
The E2F protein family is a group of transcription factors that regulate cell cycle progression and cell differentiation in a wide variety of species, including Caenorhabditis elegans, Dictyostelium discoideum, plants, Drosophila, and mammals (42, 68, 69) . It has not been identified to date in yeast, but an E2F functional analog, SWI4, is present in yeast (70; 71) . SWI4 has a different type of DNA binding domain as compared with the E2F DNA-binding domain, although both SWI4 and E2F bind to similar target sequences (70) . In this study, an E2F-like transcription factor has been identified in G. lamblia although divergent in sequence. This suggests that the E2F family may have evolved before divergence of G. lamblia from the main eukaryotic line of descent but may have been lost in yeast. To date, giardial E2F is the first E2F transcription factor identified in early diverging protozoan parasites. We did BLAST searches for the genome databases of Entamoeba histolytica, Plasmodium falciparum, and Trypanosoma brucei and only identified matches for uncharacterized proteins. At least two putative e2f-like genes were present in the Trichomonas vaginalis genome database. Further analyses will reveal whether E2F family proteins are shared with these eukaryotic lineages.
The key components of the giardial cyst wall, cyst wall proteins, are synthesized during Giardia differentiation into dormant cysts (2). E2F proteins in higher eukaryotes are involved in cell differentiation and function as transcriptional activators or repressors (42, 43, 49, 54, 55) . It has been found that eukaryotic E2F may regulate S-phase specific genes, including thymidine kinase, of which product is a key enzyme of DNA synthesis (31) (32) (33) 35) . To gain insight into the function of E2F1 in Giardia, we tested the hypothesis that E2F1 can regulate the thymidine kinase gene. Our results show that the giardial E2F1 localizes to the cell nuclei (Figs. 2D and S1 ). The increased levels of the E2F1 protein during encystation indicate that it may also play a role in this differentiation. We also found an increase of the thymidine kinase gene expression during encystation (Fig. 2A) . This is possibly due to the requirement of DNA replication during encystation. E2F1 can bind to a specific sequence in the core promoter region of the thymidine kinase gene (Fig. 3B) . Mutation of the E2F1 binding site in the thymidine kinase promoter resulted in a decrease of promoter activity (Fig. 5) , suggesting that E2F1 may be a transcriptional activator in the regulation of the thymidine kinase gene. We further analyzed the function of E2F1 in Giardia encystation. We found that E2F1 can bind to specific sequences in the core promoter region of the cwp1, cwp2, and cwp3 genes (Fig. 3B) . Mutation of the E2F1 binding site in the cwp1 promoter resulted in a decrease of promoter activity (Fig. 6) , suggesting that E2F1 may be a transcriptional activator in the regulation of the cwp1 gene. Interestingly, the constitutively overexpressed E2F1 increased the levels of the cwp1-3, myb2, and thymidine kinase mRNA (Figs. 8B and C). The levels of the CWP1 protein and cyst formation also increased in the E2F1 overexpressing cell line (Figs. 8A and D) . ChIP assays also confirmed the association of E2F1 with its own promoter and the cwp1-3, myb2, and thymidine kinase promoters (Fig. 4C) . We also found an important role of the basic residues of the E2F1 DNA binding domain in the exclusive nuclear localization (Figs. 7B and S1 ). The results suggest that E2F1 may play an important role in induction of encystation-induced cwp and thymidine kinase genes.
The giardial promoters defined to date, including the encystation-specific cwp promoters, are notably short and contain AT-rich Inr elements (15, 16, 18, (19) (20) (21) (22) (23) . Deletion and mutation analysis of the ran, α2-tubulin, and cwp2 promoters has provided the evidence that the AT-rich Inr elements are positive cis-acting elements and that they are important for basal promoter activity and transcription start site selection (18, 19, 22, 24) . Previously, we have identified several transcription factors whose expression increased significantly during encystation and whose function may be related to the transactivation of the cwp genes, including Myb2, GARP-like protein 1, ARID1, WRKY, and Pax1 (21, (24) (25) (26) (27) 65) . ARID1 and Pax1 can bind to the AT-rich Inr elements of the cwp promoters (24, 65) . Myb2, GARP-like protein 1, and WRKY can bind to the proximal upstream regions of the cwp promoters and their binding sequences are positive cis-acting elements (21, 25, 27) . In this study, we found that E2F1 can also bind to specific sequences upstream of the AT-rich Inr elements. There may be an interaction of the transcription factors binding to the proximal upstream regions and the AT-rich Inr elements. This interaction may be required for promoter activity and accurate transcription start site selection.
Our results also showed that E2F1 can bind weakly to the cwp1-104/-70 probe in vitro, which contains the sequence TTTCTGGC (Fig. 3B) . This sequence is similar to E2F1 binding sequence TTTCCGCG in the thymidine kinase promoter (Fig. 3B) , suggesting that E2F1 can bind to the cwp1 promoter, although weakly. We also detected the association of E2F1 with the cwp1 promoter in vivo (Fig. 4C) , suggesting that E2F1 may activate the cwp1 promoter directly. We also found the presence of the putative E2F1 binding site in the cwp2 and cwp3 promoters and an association of E2F1 with the cwp2 and cwp3 promoters in vivo (Fig. 3B) , suggesting that E2F1 may activate the cwp2 and cwp3 promoters directly. Although E2F1 can also function as a transactivator, it may still need to cooperate with other transcription factors that are induced during encystation to transactivate the cwp genes. We found that mutation of the E2F1 target sequences in the thymidine kinase promoter might impair the binding of E2F1, leading to a significant decrease in transactivation (Figs. 4 and 5) . Mutation of the E2F1 target sequences or the AT-rich Inr in the cwp1 promoter might impair the binding of E2F1 or other Inr-binding proteins to the Inr, leading to a significant decrease in transactivation (Fig. 6) . The results suggest that E2F1 may transactivate the cwp1 promoter in vivo through its DNA binding sequences and there may be an interaction of the E2F1 or other Inr-binding transcription factors. This interaction may be required for transcriptional activation of the cwp1 gene during encystation.
The giardial E2F1 contains two DNA-binding domains near the N-terminal region, similar to the human E2F7-8 and plant E2L1-3 (30, 43, (53) (54) (55) . Although divergent from human E2F proteins, giardial E2F1 binds DNA in a sequence specific manner. Our results show that the giardial E2F1 binding site TTTCCGCG is similar to the human E2F binding sites TTT(c/g)GCGC(c/g) or TTTCCCGCC (42, (45) (46) (47) (48) (49) (50) (51) (52) . This indicates that the E2F family binding sites may have been conserved in evolution. This may reflect similar function of the E2F family. From the results with the human E2F4 (49), the most important residues contacting or helping contact the bases G and C of the two strands of binding sequence (TTTCGCGCG) are two Args, one Tyr, and one Asp of RRXYD motif of the α3 helix. These residues are conserved in the two DNA-binding domains of the giardial E2F1. We also found that the second Arg of RRXYD motif was also required for giardial E2F1 binding (see below), indicating the importance of this residue. The Arg of the αN helix contacting the T-rich region of the binding sequence is not conserved in the two DNA-binding domains of the giardial E2F1 (Fig. 1B) . The giardial E2F1 has some but not all of the conserved residues that make DNA backbone contact or dimerization contact (Fig. 1B) . These non-conservative substitutions might explain why giardial E2F1 can recognize longer target sequence, including the AT-rich Inr sequence located downstream of the TTTCCGCG sequence.
Two putative nuclear localization signals have been found, of which the one downstream of the DNA binding domain (residues 230-234) but not the one inside the DNA binding domain (residues 11-21) is important for nuclear localization (Figs. 7B and S1). However, the one inside the DNA binding domain (residues 11-21) but not the one downstream of the DNA binding domain (residues 230-234) is important for DNA binding (Fig. 7C) . We also found that deletion of the corresponding residues for dimerization contact in giardial E2F1 (residues NVLEA and NILEG were deleted in E2F1dd) not only resulted in a significant decrease of nuclear localization, but also resulted in a complete loss of DNA binding activity (Figs. 7B  and C) . The results suggest that the residues inside the DNA binding domain and dimerization domain may play an important role in DNA binding. Each RRXYD motif is known to be important for DNA binding of E2Fs with two DNA binding domains (43, 67) . We found that mutation of the second Arg residue in the RRXYD motif (E2F1DB1m or E2F1DB2m) did not affect nuclear localization, but resulted in a loss of DNA binding activity (Figs. 7B and D) , indicating that the RRXYD motif is important for DNA binding.
pRB family proteins bind the transactivation domain of E2F1-3 transactivators to inhibit the transactivation function in human (37) (38) (39) (40) (41) (42) . Sequences for binding to pRB family proteins are also present in the E2F4 and E2F5 repressors but not present in E2F6-8 repressors (42) . The C-terminal end of the giardial E2F1 is not highly similar to the C-terminal pRB binding domain of the human E2Fs (Fig. 1C) . We did not find a consensus pRB binding sequences in the giardial E2F1 protein. We did blast searches of the G. lamblia genome database but did not identify matches for the pRB family proteins (data not shown). This suggests that the pRB family proteins may be too divergent to be recognized by sequence similarity. It is also possible that they are not present in G. lamblia, but their functional analogs are present in G. lamblia. This awaits further studies to explore. pRB has not been identified in yeast, although its functional analog, Whi 5, is present (71) .
Many important transcription factors involved in developmental regulation and in stress response have an autoregulation mechanism, including mammalian c-Myb and Pax proteins and plant WRKY (72-74). Myb2, Pax1 or WRKY has been found to be positively or negatively autoregulated to maintain its own protein levels in G. lamblia, and this is related to the presence of its binding sites in its own promoter region (21, 26, 27, 65) . It has been shown that mammalian E2F1 proteins may be negatively autoregulated by an E2F/DP-pRB complex in quiescent cells and that they may be positively autoregulated by activating the activity of its own promoter to maintain high levels of E2F1 protein during G1/S (75). We found that some E2F1 mutants, including E2F1m1, E2F1dd, E2F1DB1m, and E2F1DB2m, have an increase of transactivation function on the cwp and thymidine kinase gene promoters (Figs. 8B and C) . Their transactivation function was correlated with their increased levels. Their mRNA levels increased significantly compared with that of wild type E2F1, suggesting a positive autoregulation of the e2f1 gene. Transactivation function of specific transcription factors may require interaction with transcriptional coactivators and general transcription factors. It is possible that the E2F1m1, E2F1dd, E2F1DB1m, and E2F1DB2m mutants may possess minor mutations on the DNA binding domains. They may still possess sufficient transactivation activity and ability to interact with other transcriptional coactivators. However, the transactivation activity of the E2F1m2 mutant did not increase, possibly because of its partial mis-localization and its relative lower expression as compared with other E2F1 mutants. It is also possible that the E2F1m2 mutant may possess some mutations downstream of the DNA binding domains and the region of mutations may be located in a transactivation domain. The mutations may decrease its transactivation activity and ability to interact with other transcriptional coactivators.
We found that E2F1 can not bind to the 18S ribosomal RNA gene promoter which does not contain the putative E2F1 binding site in the <200 bp 5'-flanking region (Fig. 4C) . E2F1 can bind to the promoters of the constitutive ran gene and the encystation-induced cwp1-3, myb2, and thymidine kinase genes in vivo (Fig. 4C) , suggesting that E2F1 may be involved in transcriptional regulation of many different genes. However, overexpressed E2F1 did not transactivate the ran gene promoter (Figs. 8B and C) . Oligonulceotide microarray assays confirmed the up-regulation of the cwp1, cwp2, cwp3, myb2, and thymidine kinase gene expression in the E2F1 overexpressing cell line, respectively (Fig. 8E) . We also found that 31 and 42 genes were significantly up-regulated (>2 fold) and down-regulated (<1/2) (p<0.05) in the E2F1 overexpression cells relative to the vector control ( Fig. 8E and Table 1 ). Interestingly, DNA repair protein RAD51 gene was up-regulated by E2F1 (Fig. 8E and Table 1 ). It has been shown that the expression of human RAD51 is induced in late S phase and G2/M phase (76) . E2F proteins can regulate DNA repair protein genes including the RAD51 gene to integrate cell cycle progression (77) . Our results suggest that the giardial E2F1 may have a similar function in the regulation of DNA repair protein RAD51 gene.
In late-branching eukaryotes, E2F proteins regulate specific target genes by interacting with other classes of transcription factors, including Sp1, P53, BRCA, NF-κB, ARID, and YY1 (78-84). Therefore, it is possible that giardial E2F1 functions as an activator via association with some encystation-specific cofactors on the promoter context of encystation-induced genes. In late-branching eukaryotes, E2Fs and B-Myb have an important role in the control of G1/S and G2/M genes, respectively (85) . The b-myb gene is also a target for E2Fs at G1/S (85). Interestingly, there is an interaction between E2Fs and B-Myb and binding of B-Myb to the G2-specific cdc2 (cdk1) gene promoter is dependent on an intact E2F binding site, suggesting that E2Fs may link the G1/S and G2/M transcriptional regulation by interaction with B-Myb (85) . We also found an interaction between giardial E2F1 and Myb2 using in vitro GST pull-down assays and in vivo co-immunoprecipitation assays. The presence of the Myb2 binding sites in the promoters of key encystation-induced genes, cwp1-3, g6pi-b, and myb2 itself suggests that Myb2 may be involved in co-ordinating their differential expression (21, 26) . ChIP assays have been used to confirm the binding of Myb2 and E2F1 to the cwp1, cwp2, and myb2 gene promoters (Fig. 4C) (26) . The interaction of E2F1 with Myb2 suggests that E2F1 may participate in activating expression of the cwp genes during giardial encystation and that E2F1
and Myb2 may have a synergistic effect on activated transcription of cwp genes during encystation.
Our results indicate that E2F1 can transactivate the thymidine kinase and cwp genes that are involved in DNA synthesis and differentiation in the primitive protozoan G. lamblia. Our study provides evidence for the important role of the giardial E2F1 in the differentiation of G. lamblia trophozoites into cysts, leading to greater understanding of the evolution of eukaryotic DNA binding domain and transcriptional mechanisms during cell differentiation.
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This work was supported by the National Science Council grants NSC 98-2320-B-002-018 -MY2, NSC 99-2320-B-002-017-MY3, and NSC 100-2325-B-002 -039, and the National Health Research Institutes grants NHRI-EX98-9510NC and NHRI-EX99-9510NC in Taiwan, and was also supported in part by the Department of Medical Research in National Taiwan University Hospital and the Aim for the Top University Program of National Taiwan University. We thank Dr. Chien-Kuo Lee, Dr. Tsai-Kun Li, Dr. Shin-Hong Shiao, and Dr. Nei-Li Chan for helpful comments; Yi-Li Liu and I-Ching Huang for technical support in DNA sequencing, and Hsin-Chih Wang for technical support in molecular research. We thank the staff of the cell imaging core at the First Core Labs, National Taiwan University College of Medicine, for technical assistance. We also thank Dr. Kwang-Jen Hsiao and Dr. Chen-Jee Hong from Taipei Veterans General Hospital and Mei-Ying Liu from National Yang-Ming University for providing facilities to carry our work. We are also very grateful to the researchers and administrators of the G. lamblia genome database for providing genome information. (86), including human E2F1, E2F2, E2F3, E2F4, E2F5, E2F6, E2F7, and E2F8 (accession numbers are AAC50719, NP_004082, NP_001940, NP_001941, Q15329, O75461, NP_976328, and EAW68354, respectively); Arabidopsis E2F3, E2L1, E2L2, E2L3 (accession numbers are NP_973611, BAB91412, BAB91413, and BAB91414, respectively); and putative E2F1 from G. lamblia (GenBank accession numbers XP_001705587, open reading frames 23756 in the G. lamblia genome database). These E2Fs contain either one or two DNA binding domains (DB1 and DB2). Letters in black boxes, letters in gray boxes and hyphens indicate identical amino acids, similar amino acids and gaps in the respective proteins, respectively. Residues in human E2F4 (49) making heterodimerization contact, DNA base contact, and DNA backbone contact are indicated by circles, arrowheads, and asterisks, respectively. (C) Alignment of the pRB binding domains of E2Fs. The C-terminal pRB binding domains of the human E2F proteins and the C-terminal end of putative E2F1 from G. lamblia are analyzed by ClustalW 1.83 (86, 87) . Nuclear localization of E2F1. The pPE2F1 stable transfectants were cultured in growth (Veg, vegetative growth, left panels) or encystation medium for 24 h (Enc, encystation, right panels), and then subjected to immunofluorescence analysis using anti-HA antibody for detection. The product of pPE2F1 localizes to the nuclei in both vegetative and encysting trophozoites. , and thymidine kinase promoters. The non-transfected WB cells were cultured in growth medium for 24 h and then subjected to ChIP assays. Anti-E2F1 was used to assess binding of E2F1 to endogenous gene promoters. Preimmune serum was used as a negative control. Immunoprecipitated chromatin was analyzed by PCR using primers that amplify the 5'-flanking region of specific genes. At least three independent experiments were performed. Representative results are shown. Immunoprecipitated products of E2F1 yielded more PCR products of e2f1, cwp1-3, myb2, thymidine kinase, and ran promoters, indicating that E2F1 was bound to these promoters. The 18S ribosomal RNA gene promoter was used as a negative control for our ChIP analysis. Fig. 2C . Specific cell lines were produced by the stable transfection of reporter construct (pNTK5, pNTK5m1, or pNTK5m2). Luciferase activity was measured in vegetative cells as described under "Experimental Procedures". Fold changes in luciferase expression are shown as the relative expression ratio (experiment/control). Results are expressed as the means ± standard error of at least three separate experiments (right panel). (B)(C)(D) Transactivation of the thymidine kinase promoter by E2F1 in the cotransfection system. Specific cell lines were produced by the stable co-transfection of reporter construct (pNTK5, pNTK5m1, or pNTK5m2) and the effector construct pPE2F1 or the control construct 5' 5N-Pac, which expresses only the puromycin selection marker. Luciferase activity was measured in vegetative cells as described under "Experimental Procedures". Real-time PCR was preformed using primers specific for luciferase gene and 18S ribosomal RNA. Transcript levels were normalized to 18S ribosomal RNA levels. Fold changes in luciferase or mRNA expression are shown as the relative expression ratio (experiment/control). Results are expressed as the means ± standard error of at least three separate experiments (right panel). (B)(C)(D) Activation of the cwp1 promoter by E2F1 in the cotransfection system. Specific cell lines were produced by the stable co-transfection of reporter construct (pNW1L, pNW1Lm1, or pNW1Lm2) and the effector construct pPE2F1 or the control construct 5' 5N-Pac, which expresses only the puromycin selection marker (Fig. 2C) . Luciferase activity was measured in vegetative cells as described under "Experimental Procedures". Real-time PCR was preformed using primers specific for luciferase gene and 18S ribosomal RNA. Transcript levels were normalized to 18S ribosomal RNA levels. Fold changes in luciferase or mRNA expression are shown as the relative expression ratio (experiment/control). Results are expressed as the means ± standard error of at least three separate experiments (right panel). The gray boxes indicate the E2F1 DNA binding domains DB1 and DB2. E2F1m1 (or E2F1m2) contains mutation of stretches of basic amino acids between residues 11 and 23 (or between residues 230 and 234) as shown in bold underlined type. E2F1dd does not contain NVLEA (residues 61-65) and NILEG (residues 155-159) sequence. In E2F1DB1m and E2F1DB2m, the second Arg of the RRXYD DNA recognition motifs are mutated as shown in underlined type. (B) Localization of the E2F1 mutants. The e2f1 gene was mutated as described (Fig. 7A ) and subcloned to replace the wild type e2f1 gene in the backbone of pPE2F1 (Fig. 2C) , the resulting plasmids pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m were transfected into Giardia. The stable transfectants were cultured in growth (Veg, vegetative growth; upper panels) or encystation medium for 24 h (Enc, encystation; lower panels) and then subjected to immunofluorescence analysis using anti-HA antibody for detection. The products of pPE2F1m1, pPE2F1DB1m, and pPE2F1DB2m localize to the nuclei in both vegetative and encysting trophozoites. The product of pPE2F1m2 and pPE2F1dd localize not only in nucleus, suggesting of their partial loss of nuclear localization. The product of pPE2F1m2 localizes to the nuclei and cytosol in both vegetative and encysting trophozoites. The product of pPE2F1dd localizes to the nuclei and some vesicles in cytosol in both vegetative and encysting trophozoites. (C)(D) Western blot analysis of recombinant E2F1 and mutant proteins. The E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m protein with a V5 tag at its C terminus was purified by affinity chromatography and then detected by anti-V5-HRP antibody in Western blots. (E)(F) Reduction of DNA-binding ability of E2F1 mutants. Electrophoretic mobility shift assays were performed using purified E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, E2F1DB2m, and tk-30/-1 probe. The arrowheads indicate the shifted complexes. A postivie control reaction was carried out using the wild type E2F1 (lane 1). Fig. 8. Activation of cwp1-3, myb2 , and thymidine kinase gene expression in the E2F1 overexpressing cell line. (A) Overexpression of E2F1 increased the levels of CWP1 protein. The 5' 5N-Pac, pPE2F1, and pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to SDS-PAGE and Western blot. The blot was probed by anti-E2F1, anti-HA, and anti-CWP1 antibody. Equal amounts of protein loading were confirmed by SDS-PAGE and Coomassie blue staining. Representative results are shown. (B) RT-PCR analysis of gene expression in the E2F1-and E2F1 mutants-overexpressing cell lines. The 5' 5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to RT-PCR analysis. PCR was preformed using primers specific for e2f1-ha, e2f1, cwp-3, myb2, thymidine kinase, ran, and 18S ribosomal RNA genes. (C) Quantitative real-time PCR analysis of gene expression in the E2F1-and E2F1 mutants-overexpressing cell lines. The 5' 5N-Pac, pPE2F1, and pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to quantitative real-time PCR analysis. Real-time PCR was preformed using primers specific for e2f1-ha, e2f1, cwp1, cwp2, thymidine kinase, ran, and 18S ribosomal RNA genes. Similar mRNA levels of the ran and 18S ribosomal RNA genes for these samples were detected. Transcript levels were normalized to 18S ribosomal RNA levels. Fold changes in mRNA expression are shown as the ratio of transcript levels in the pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or pPE2F1DB2m cell line relative to the 5' 5N-Pac cell line. Results are expressed as the means ± standard error of at least three separate experiments. (D) Cyst count. The 5' 5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to cyst count as described under "Experimental The presence of bound GST and GSTMyb2 in the glutathione sepharose beads. Following binding of GST and GSTMyb2 and extensive washing, the glutathione sepharose beads were subjected for SDS-PAGE. GST and GSTMyb2 were visualized by Coomassie Blue staining. (C) Interaction between E2F1 and Myb2 by GST pull-down assay. Purified recombinant E2F1 with a C-terminal V5 tag was mixed with GST protein and GSTMyb2 fusion protein in the glutathione sepharose beads and the pull-down fractions were analyzed. Five percent of the input (lane 1) and 25% of the pull-down material (lanes 2 and 3) were subjected to western blot analysis. V5-tagged E2F1 was detected using anti-V5-HRP antibody. (D) Co-immunoprecipitation assays. The 5'Δ5N-Pac and pPE2F1 stable transfectants were cultured in encystation medium for 24 h. Proteins from cell lysates were immunoprecipitated using anti-HA antibody conjugated to beads. The precipitates were analyzed by Western blot with anti-HA or anti-Myb2 antibody as indicated. (E) Expression of the HA-tagged E2F1 and Myb2 proteins in whole cell extracts. The 5'Δ5N-Pac and pPE2F1 stable transfectants were cultured in encystation medium for 24 h (Enc, encystation) and then subjected to Western blot analysis. The blot was probed by anti-HA and anti-Myb2 antibody. Equal amounts of protein loading were confirmed by SDS-PAGE and Coomassie blue staining. 
